Background: The centrosome is the major microtubule organizing center (MTOC) in dividing cells and in many postmitotic, differentiated cells. In other cell types, however, MTOC function is reassigned from the centrosome to noncentrosomal sites. Here, we analyze how MTOC function is reassigned to the apical membrane of C. elegans intestinal cells. Results: After the terminal intestinal cell division, the centrosomes and nuclei move near the future apical membranes, and the postmitotic centrosomes lose all, or nearly all, of their associated microtubules. We show that microtubule-nucleating proteins such as g-tubulin and CeGrip-1 that are centrosome components in dividing cells become localized to the apical membrane, which becomes highly enriched in microtubules. Our results suggest that centrosomes are critical to specify the apical membrane as the new MTOC. First, g-tubulin appears to redistribute directly from the migrating centrosome onto the lateral then apical membrane. Second, g-tubulin fails to accumulate apically in wild-type cells following laser ablation of the centrosome. We show that centrosomes localize apically by first moving toward lateral foci of the conserved polarity proteins PAR-3 and PAR-6 and then move together with these foci toward the future apical surface. Embryos lacking PAR-3 fail to localize their centrosomes apically and have aberrant localization of g-tubulin and CeGrip-1. Conclusions: These data suggest that PAR proteins contribute to apical polarity in part by determining centrosome position and that the reassignment of MTOC function from centrosomes to the apical membrane is associated with a physical hand-off of nucleators of microtubule assembly.
Introduction
Microtubules are critical regulators of cell shape, polarity, and transport and must be spatially organized to fulfill these distinct functions. In dividing animal cells, centrosomes serve as the major microtubule organizing center (MTOC), nucleating and coordinating microtubules into a radial array. The centrosome is a non-membrane-bound organelle composed of two centrioles that are surrounded by a cloud of pericentriolar material (PCM). Microtubule minus ends are nucleated from PCM components including g-tubulin and g-tubulin ring complex proteins (g-TuRCs) such as CeGrip-1/dgrip91/ Spc98p [1] .
The centrosome often remains the major MTOC in postmitotic, differentiated cells that have simple, radial arrays of microtubules. However, many types of polarized cells, such as neurons [2, 3] , syncytial myotubes [4] , and epithelia [5, 6] , have more complex arrangements of microtubules that appear to be organized by noncentrosomal MTOCs. In some cases, such as in Drosophila tracheal cells [7] , C. elegans germ cells [8] , and Xenopus epidermal cells [9] , these noncentrosomal MTOCs contain the microtubule nucleator g-tubulin and members of the g-TuRC, and thus might nucleate microtubules like centrosomes in dividing cells. In contrast, noncentrosomal MTOCs might instead capture microtubules produced elsewhere [10, 11] . For example, the noncentrosomal microtubules in neurons [12] and cochlear cells [13] are not associated with g-tubulin and are thought to be released from the centrosome.
Numerous studies have focused on how centrosomes function as MTOCs in dividing cells, but comparatively little is known about the composition or specification of noncentrosomal MTOCs. Here, we use the C. elegans intestine as a model to study how MTOC function is reassigned from the centrosome to the apical surface of an epithelial cell. We show that centrosomes traffic to the apical surface along with the conserved polarity proteins PAR-3 and PAR-6. The microtubule nucleators g-tubulin and CeGrip-1 appear to be handed off from the centrosome as a new, noncentrosome-based MTOC is established. Our mutant analysis and laser ablation studies show that both the centrosome and PAR-3 are critical for the transition in MTOC function to the apical membrane.
Results

Developing Intestinal Cells Specify an Apical MTOC
The C. elegans intestine arises clonally from an early embryonic cell called the E blastomere. The centrosome functions as the MTOC during the divisions of E and its descendants and contains high levels of g-tubulin and other PCM proteins such as CeGrip-1 [1] , AIR-1/Aurora-A [14] , ZYG-9/XMAP-215 [15] , TAC-1/TACC3 [15] , and SPD-5 [16] (Figures 1A and 1D ; data not shown). After four cell cycles, 12 of the 16 E descendants cease dividing, although the centrosome undergoes one additional duplication or splitting to form a centrosome pair in all the E16 cells ( Figure 1B ). These cells group together to form the E16 primordium, which resembles a cylinder elongated along a central anterior-posterior axis called the midline. During cell polarization, the nucleus and centrosome pair migrate from a position adjacent to the lateral membrane toward the midline-facing surface, which differentiates as the apical membrane ( Figure 1C ; see also Figures S1A and S1B available online; [17] ).
Using electron microscopy, we found that centrosomes in the E16 primordium lose most of their PCM and associated microtubules as they reposition from lateral positions toward the future apical surface (Figures 1D-1F ). In contrast, numerous microtubules appear near, or on, the apical plasma membrane during centrosomal repositioning (Figure 2A ; Figures S2A and S2B ). Immunostaining and live imaging experiments showed that many PCM proteins become highly enriched at the apical membrane of E16 cells, including g-tubulin [18] , CeGrip-1, TAC-1/TACC3, AIR-1/Aurora-A, and ZYG-9/XMAP-215 ( Figure 1C ; Figures 2C-2F; data not shown). The PCM protein SPD-5, which is required for centrosome maturation and localization of PCM proteins to the centrosome [16] , appears to remain solely at the centrosome, albeit at a severely reduced level ( Figure 2G ). Thus, MTOC function appears to be reassigned from the centrosome to the apical surface sometime during centrosome repositioning, and the apical MTOC is associated with many, but not all, PCM components.
The apparent inactivation of the MTOC function of the centrosome, and the formation of a new apical membrane MTOC, could be independent events. However, the observation that PCM proteins are lost from centrosomes at about the time many of the same proteins appear at the apical membrane suggests that centrosomes might have a role in MTOC reassignment. The apical position of the centrosome is itself not essential for intestinal cell function, because centrosomes do not remain apical in later stages of larval development. Moreover, mutants defective in the nuclear envelope protein UNC-83 are viable but do not show the normal, close association of the centrosome with the apical membrane during embryogenesis [19] . Indeed, we found that the intestinal apical membrane in unc-83 mutants appears to have wild-type (WT) levels of g-tubulin and CeGrip-1 (see below; Figure S3C , n > 100), and is associated with large numbers of microtubules ( Figure 2B ; Figure S3A ). Similarly, we observed defects in centrosome positioning, but an apparently normal apical MTOC, in mutants lacking expression of the dynein subunit DYRB-1/roadblock [20] (Figures S3B, S3D , and S3F, g-tubulin, n = 125/125, CeGrip-1, n = 85/86).
Plumes of Microtubule Nucleators Originate near Centrosomes during MTOC Reassignment
In examining the E16 primordium in fixed, immunostained unc-83 mutants, we noticed that some cells that had not yet accumulated apical proteins contained a prominent ''plume'' of CeGrip-1 (arrowhead in Figure 2H ) that was Figure S1 and Movie S1.
near, but not coincident with, CeGrip-1 at the centrosome pair (double arrow in Figure 2H) . Moreover, the plume of noncentrosomal CeGrip-1 appeared to be associated with higher levels of a-tubulin than did the nearby centrosomes ( Figures 2H-2K ). To analyze the behavior of other PCM proteins during the transition, we imaged g-tubulin:GFP in live WT embryos and in unc-83 mutants ( Figures  1A-1C ; Movies S1, S2, and S3). These recordings showed that the level of g-tubulin:GFP at the centrosome varies markedly in the dividing intestinal precursors, rising to peak intensity during mitosis ( Figure 1A ) when electron microscopy shows a large accumulation of PCM ( Figure 1D ). The centrosome and nucleus move toward the lateral membrane after mitosis (lateral migration; Figure 1B ) and remain tightly apposed to this membrane for several minutes before continuing along the membrane toward the future apical surface. The initially bright g-tubulin:GFP signal at the centrosome diminishes after lateral migration ( Figure 1B) , as does the size of the PCM visible by electron microscopy (Figure 1E) , and the GFP signal can often be resolved as two separate foci; these foci correspond to the centrosome pair.
The formation and lateral migration of the centrosome pair appears to occur normally in unc-83 mutants, but apical migration is incomplete (Movie S2); centrosomes and nuclei initially approach the intersection of the lateral and apical surfaces but fail to continue to the apical membrane. A plume of noncentrosomal g-tubulin:GFP appears near the centrosome pair as it migrates from a lateral to apical position (Figure 3A ; Movie S3), similar to the immunostained images of CeGrip-1 in fixed embryos ( Figures 2H-2K ). Remarkably, live imaging showed that the plume of g-tubulin:GFP appeared to originate directly from the paired centrosomes. We observed a similar plume of g-tubulin:GFP near the centrosome pair in WT embryos and dyrb-1/roadblock mutants (Figures 3B and 3C; Movie S1; data not shown). The plume was visible in approximately 83% of WT cells (n = 66), however, the proximity of the centrosome pair to the membrane often made the origin of the plume difficult to resolve. We conclude that the PCM proteins CeGrip-1 and g-tubulin localize to a transitional body, the plume, before accumulating at the future apical surface.
PAR-3 Is Required for Proper Centrosome Positioning and Apical g-tubulin Accumulation
The migration of the centrosome pair to the lateral membrane following the E8 to E16 division is reminiscent of centrosome behavior in a subset of ascidian cells that divide asymmetrically during development. The ascidian centrosomes migrate toward a membrane-associated centrosome attracting body that has been shown to contain members of the conserved PAR polarity complex, PAR-3, PAR-6, and aPKC [21] . In C. elegans, foci of PAR-3 and PAR-6 have been reported on or near the lateral membranes of E16 intestinal cells before these proteins localize apically (Figures 4A-4C; [22, 23] ). We found that the lateral migration of the centrosomes is oriented toward the PAR foci ( Figures 4A, 4B , and 4D).
The plume of g-tubulin:GFP initially appears to bridge the centrosome pair with the PAR foci on the lateral membrane, then separates from the centrosomes and colocalizes with the PAR foci (Movie S4). Centrosomes, the plume of g-tubulin:GFP, and the PAR foci move together toward the midline ( Figure 4D ; Movie S4). At the midline, g-tubulin:GFP and the To test possible roles for the PAR proteins in centrosome repositioning and MTOC reassignment, we used a stage-specific targeted degradation strategy to deplete PAR proteins after completion of their essential roles in early embryogenesis, as previously described [24] . Briefly, a homozygous par mutant is rescued transiently by the corresponding PAR protein, which is fused to a peptide tag that mediates stage-specific degradation (see Experimental Procedures). We found that PAR-6 appears dispensable for centrosome positioning and apical localization of CeGrip-1; however, the CeGrip-1 appears more diffusely apical in par-6 mutants than in WT embryos (Figures 4E and 4F ; Figures S4A and  S4B ). In contrast, PAR-3 is essential for centrosome positioning and apical g-tubulin localization: WT embryos show apically positioned centrosomes and apical g-tubulin within 30 min after the E8 to E16 division ( Figure 4H ). In par-3(2) embryos, centrosomes migrate to the lateral membranes, as in WT embryos (arrowhead, Figure 4J , t = 0 0 ). However, the centrosomes then appear to distribute randomly, and after 30 min the embryos show no apical g-tubulin ( Figures 4G  and 4J , t = 27 0 ; Movie S5). Later embryos develop large patches of g-tubulin and CeGrip-1 at aberrant locations in intestinal cells ( Figure 4K , n = 40; Figure S4D) ; in the few cases where the genesis of a g-tubulin patch could be determined, it originated at or near the centrosome (data not shown). Thus, centrosome mispositioning in the absence of PAR-3 is associated with improper localization of g-tubulin and CeGrip-1.
These results support earlier findings that PAR-3, but not PAR-6, is required for some aspects of epithelial cell polarization [22, 23] .
Microtubules Are Required for Centrosome Positioning and to Promote Efficient Apical Differentiation
We used the microtubule inhibitor nocodazole and the microfilament inhibitor latrunculin A (LatA) to test whether the cytoskeleton was required for apical localization of g-tubulin and PAR-3. Embryos were selected for analysis in which the majority of the E8 cells had just completed the division to E16. In control, mock-treated embryos, g-tubulin, and PAR-3 localized to the midline/apical surface within 20 to 60 min ( Figures 5A and 5B, n = 3). LatA-treated embryos showed a similar localization of both g-tubulin ( Figure 5C , n = 3) and PAR-3 ( Figure 5D , n = 4) in cells that had completed the E8 to E16 division. In contrast to the LatA results, E16 cells treated with nocodazole showed a strong delay in the apical localization of both g-tubulin ( Figures 5E and 5G , n = 9; Movie S6) and PAR-3 ( Figure 5F , n = 7). In addition, nocodazole inhibited the migration of centrosomes and nuclei to the apical surface ( Figure 5G , n = 9; Movie S6).
The Centrosome Is Required for Apical Accumulation of g-tubulin To test whether the centrosome is required in apical differentiation, we used a laser microbeam to ablate centrosomes in individual intestinal cells (Figures 6A and 6E ). g-tubulin:GFP was used to identify the centrosome and to monitor subsequent apical differentiation; at the time of ablation, only about 3.7% of the total cytoplasmic g-tubulin:GFP is concentrated at the centrosome (see Experimental Procedures). The laser appeared to destroy centrosomes effectively: (1) the ablated centrosomes showed a disintegration of PCM, as observed in other systems [25] unc-83 cycle arrest with a monopolar spindle (Movie S7), and (3) cells neighboring the targeted cell continued to divide and/or differentiate normally. We ablated centrosomes at telophase of the E8 to E16 division and imaged cells until neighboring control cells showed apical g-tubulin accumulation. The level of g-tubulin was then measured in both types of cells. In all experiments (n = 19), apical g-tubulin was not detectable in cells following centrosome ablation ( Figures 6C and 6G ). Moreover, nuclear migration was defective, suggesting that centrosomes are essential for the normal, apical localization of intestinal nuclei ( Figures 6C, 6D , 6G, and 6H).
Discussion
Following the E8 to E16 division, C. elegans intestinal cells transition from a centrosomal MTOC with a radial array of microtubules to an apical membrane MTOC with a linear array. The transition occurs rapidly, with apical enrichment of microtubules and the loss of centrosomal microtubules evident within 30 min. The speed and reproducible timing of these events makes the intestine an attractive model to study the MTOC transition. Using electron microscopy and immunostaining for specific PCM components, we showed that most of the PCM is lost from the centrosome during this transition. At about the same time, some PCM proteins, including the microtubule nucleators g-tubulin and CeGrip-1, appear near membranes. Remarkably, these nucleators appear to be stripped from the centrosome in the form of a cytoplasmic plume, likely causing or contributing to the loss of MTOC function at the centrosome. In contrast, the cytoplasmic plume is associated with microtubules, suggesting that it either retains MTOC function or maintains the linkage with existing microtubules.
Microtubule nucleators in the plume do not transfer directly to the apical membrane and instead first localize by the lateral membrane near foci of PAR-3 and PAR-6; the plume appears to connect the centrosome pair with these foci, and all move in concert toward the midline or future apical membrane. The nucleators do not localize apically in par-3(2) mutants, suggesting that the foci might be critical for movement. The asymmetric movement of PAR-3 is a hallmark of polarity in one-cell C. elegans embryos, and driven by a PAR-3-modulated contraction of the actomyosin cytoskeleton [26] . In contrast, E16 intestinal cells treated with the microfilament inhibitor LatA show apparently normal apical localization of PAR-3 and g-tubulin. Treatment with microtubule inhibitors greatly delayed the apical localization, suggesting that microtubules in the plume might contribute to movement. We do not know whether the slow apical localization observed in these cells occurs through a few, inhibitor-resistant microtubules, or through a microtubule-independent process.
After arriving at the future apical surface, g-tubulin and other former PCM components appear to spread across the apical membrane; spreading occurs with a marked increase in the level of these proteins at the apical membrane, and with a concomitant increase in apical microtubules. Because the microtubule inhibitor delayed spreading, as well as the initial apical localization, of g-tubulin, we speculate that spreading might involve a bootstrap sequence wherein microtubule motor proteins transport additional nucleators apically. Consistent with a recruitment mechanism, we showed that par-3(2) embryos develop large, nonapical foci of g-tubulin on some lateral membranes. Because lateral membranes are specialized for adhesion, it is possible that this restricts the spread of the g-tubulin foci compared to the contact-free apical surface.
Our results show that centrosomes play a critical role in apical differentiation that is separate from their well-studied role in cell division, because ablation of postmitotic centrosomes prevents the localization of a microtubule nucleator, g-tubulin, (E-G) Images of the E16 primordium in immunostained WT embryos and embryos depleted of both maternal and zygotic PAR-6 or PAR-3 (n = 25 and 27 embryos, respectively). Note that most of the paired centrosomes (red, IFA) are apically oriented after depletion of PAR-6, but not after depletion of PAR-3. (H-K) g-tubulin (green, g-tubulin:GFP) and nuclei (red, histone:Cherry, ''n'') in WT embryos (H and I) and embryos depleted of PAR-3 (J and K). Note the failure of centrosomes and g-tubulin to localize apically in the PAR-3-depleted embryo. The left panels in (I) and (K) show low magnifications of entire embryos during later morphogenesis, with the intestines indicated by arrowheads; the right panels show high magnification views of some of the intestinal cells. g-tubulin is apical in the WT embryo but ectopic in the PAR-3-depleted embryo. Scale bar in (A)-(C) represents 2.5 mm and in (E)-(K) represents 5 mm. See also Figure S4 , Movies S4 and S5.
to the apical surface. These results raise the question of why an MTOC does not form de novo at the apical surface and instead appears to require a centrosomal origin. In dividing cells, centrosomes nucleate large, radial arrays of microtubules during a comparatively brief period of the cell cycle, yet centrioles at the core of the centrosome are not disassembled and reformed [27] . Instead, centrioles appear to provide a critical platform that regulates subsequent centriole, and thus centrosome, assembly, and limits the number of centrosomes within a cell. By analogy, the plume might contain a preformed platform for microtubule nucleation and be necessary if there is an immediate requirement for microtubules to transfer PAR foci apically.
Apically positioned centrosomes have long been noted in animal epithelia, where they often nucleate the assembly of cilia [28, 29] . However, the intestinal epithelial cells in C. elegans show a transient, apical localization of centrosomes, and these cells lack cilia. Instead, our results suggest that apical localization is associated with a transfer of MTOC function from the postmitotic centrosome to the future apical membrane. Future studies should reveal whether centrosomes play a related role in the organization of apical MTOCs in other systems, independent of their role in cilia assembly.
Experimental Procedures Worm Strains
Nematodes were cultured and manipulated as previously described [30] . Unless otherwise indicated, experiments were performed using 1-day-old N2 adults. The following strains and alleles were used during the course of the above research: JJ2200 (g-tubulin:GFP; histone:Cherry, derived from TH27 and RW10757 [provided by R.W.]), unc-83(ku18) [19] , unc-83(e1408) [19] PAR Protein Depletion PAR proteins were depleted from embryos as previously described [22] [23] [24] . For PAR-6 depletion, par-6(zu170); unc-101; zuIs143[pie-1 prom :gfp:par-6:zf1] hermaphrodites were mated with either par-6(tm1425)/unc-101; him-8 or par-6(tm1425)/hIn1; him-8 males. The non-Unc progeny were selected and allowed to self-fertilize. For PAR-3 depletion, par-3(tm2716); unc-32; zuIs20 [par-3:zf1:gfp, unc-119] hermaphrodites were mated with either par-3(tm2716)/hT2 [bli-4(e937) let-?(q782) qIs48]; him-8 or JJ2190 [g-tubulin:GFP; histone:Cherry; par-3(tm2716)/hT2 [bli-4(e937) let-?(q782) qIs48]; him-8] males. Progeny lacking the balancer were allowed to selffertilize. Embryos were incubated for 3-6 hr from fertilization and fixed and stained with antibodies against PAR-6 and GFP or PAR-3 and GFP, respectively, to identify the embryos that were depleted for PAR-6 or PAR-3. For live imaging of PAR-3-depleted animals, embryos were filmed until the mutant phenotype was observable in about one-quarter of embryos. The WT embryos express a PAR-3 rescuing transgene marked with GFP, so both g-tubulin and PAR-3 are visible in the green channel ( Figure 4I ).
Cytoskeletal Inhibitor Experiments
Embryos were added to a coverslip and washed sequentially with the following: polylysine, 0.1% trypan blue, two washes of embryonic growth media (EGM; [32] ), and three washes of EGM + inhibitor or 0.2% dimethyl sulfoxide. In the third wash, the coverslip was inverted over a microscope slide with Teflon squares (Thermo/Fisher Scientific). The embryos were supported by 22.5 uM beads (Whitehouse Scientific). The eggshell and viteline membrane were permeabilized using a Micropoint tuneable dye laser (coumarin 441 nm). Embryos were filmed for 1 hr and then at subsequent time points as indicated. Following filming, embryos were incubated overnight and checked the next day for the production of gut granules, indicating Each column shows examples of live, E16 primordia from WT embryos expressing the reporters indicated at top; the reporters used in (A), (C), (E), and (G) are as in Figure 1 . Embryos were either mock treated (control) or exposed to LatA (10 mM) or nocodazole (10 mg/mL) as indicated. The left panels for each column show the primordium immediately after exposure to the inhibitor. At the stage selected for g-tubulin analysis, the primordium includes newly separated sister cells (double-headed arrows), as well as some cells that have not finished the E8 to E16 division; these latter cells arrest division (A, E, G) or fail cytokinesis (C) after treatment with inhibitor (inset panels). In the stage selected for PAR-3 analysis, PAR-3 foci were visible on the lateral membranes of E16 cells (left panels, t = 0). (A-D) In control embryos and LatA-treated embryos, centrosomes, g-tubulin, and PAR-3 show robust apical localization before 60 min (see also timed sequence in Figure 4H ). In LatA-treated cells that failed cytokinesis, g-tubulin did not localize to the apical surface within the same time period (data not shown).
(E-G) Embryos treated with nocodazole show only irregular apical localization by 60 min but much better localization of g-tubulin and PAR-3 by 180 min and 200 min, respectively. Centrosomes (E, 60 0 arrow, G) and nuclei (G) fail to move apically following nocodazole treatment. Note the spreading of PAR-3 foci away from the midline 10 min after nocodazole treatment, suggesting that microtubules contribute to the midline localization. Scale bar represents 5 mm. See also Movie S6.
that the embryos were viable. Embryos that did not produce gut granules or whose cells stained with the vital dye trypan blue were not included in the data set. In the g-tubulin:GFP experiments, inhibitor penetration was assessed by determining whether dividing intestinal cells arrested (nocodazole) or failed cytokinesis (latrunculin A) immediately after eggshell permeabilization (see Figure 5 , insets for examples). For PAR-3:GFP experiments, permeabilization was assayed by monitoring the uptake of trypan blue into intestinal granules.
Centrosome Ablation
For centrosome ablation, embryos expressing g-tubulin:GFP, histone: Cherry and membrane:Cherry were mounted on a 3% agarose pad, and E8 stage embryos were identified and followed until they entered mitosis. Late telophase centrosomes were targeted with a Micropoint pulse nitrogen pumped tuneable dye laser (coumarin 441 nm) with a power output of between 5.5% and 9.5%, a step size of 1, and between 3 and 5 rounds of laser pulses. Embryos were photographed immediately prior to ablation, just after ablation, and then for a number of time points after ablation until g-tubulin:GFP had distributed to the apical surface of control cells. At the time of centrosome ablation, approximately 3.7% of the cytoplasmic g-tubulin:GFP was concentrated at the centrosome. Further detailed Experimental Procedures are described in Supplemental Information.
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